Abstract
Introduction
Starting from linear chains of amino acids, how the protein folds into a three-dimensional structure is one of open fundamental questions in molecular biology. Despite the numerous efforts have been done, the mechanism of protein folding is still not completely understood [1, 2, 3] . Because monitoring the details of protein folding process is beyond the computational capabilities to date, the timescale of protein folding is several orders of magnitude larger than that attainable by computer simulation, many works have focused on protein unfolding events at high temperature. It is reported that the increase in temperature accelerates protein unfolding without changing the unfolding pathway [4] . Furthermore, several works have demonstrated that the pathways of folding and unfolding are similar [5] , indicating that it is advisable that lots of useful information on protein folding can be obtained from its unfolding simulation. Experimental and theoretical studies have shown that the topology of native-state and transition-state conceal a wealth of information about protein folding/unfolding. Network analysis of protein structures is such one attempt to understand possible relevance of various network parameters.
There have been several efforts to study proteins as networks. Aszódi and Taylor [6] compared the linear chain of amino acids in a protein and its three dimensional structure with the help of two topological indices, i.e. connectedness and effective chain length that related to path length and degree of foldedness of the chain. Kannan and Vishveshwara [7] have used the graph spectral method to detect side-chain clusters in three-dimensional structures of proteins. In recent years, with the elaboration of network properties in a variety of real networks, Vendruscolo et al. [8] showed that protein structures have small-world topology. They also studied transition state ensemble (TSE) structures to identify the International Journal of Digital Content Technology and its Applications Volume 4, Number 4, July 2010 183 key residues that play a key role of "hubs" in the network of interactions to stabilise the structure of the transition state. Greene and Higman [9] studied the short-range and long-range interaction networks in protein structures and showed that long-range interaction network is not small world and its degree distribution, while having an underlying scale-free behavior, is dominated by an exponential term indicative of a single-scale system. Atilgan et al. [10] studied the network properties of the core and surface of globular protein structures, and established that, regardless of the size, the cores have the same local packing arrangements. They also explained, with an example of binding of two proteins, how the small-world topology could be useful in efficient and effective dissipation of energy generated upon binding. SH3 domains are well suited for protein folding studies due to their small size and amenability to biophysical analysis. In the present study, we used a simple topology-based model called the Protein contact network (PCN) to study the process of the protein unfolding. The Cα atom of the amino acid has been used as a node and two such nodes are set to be linked if they are less than or equal to a threshold distance apart from each other [6, 8] . We use 0.65nm as the threshold distance. The PCNs were constructed based on the 91 proteins that include four different structure types, the small-world property of these networks was examined through analyzing the network parameters. The high temperature unfolding molecular dynamic (MD) simulation of SH3 was performed. Our results show that the average clustering coefficient is less sensitive to the structural changes, however the average shortest path lengths become longer with the structure looser on the protein unfolding pathway. The betweenness values of the hydrophobic cores locate at the local maximum in the network of native state and the betweenness values of the folding nucleus locate at the maximum in the network of transition state. On the unfolding trajectory, both the hydrophobic core and folding nucleus play key roles and they all become derogated from native state to denature state. Comparatively, we obtain a different perspective on folding mechanisms of small proteins.
Protein systems and Methods

Protein systems
The statistical analysis have been carried out for networks built from the 91 high-resolution and low homology proteins selected from the Protein Data Bank (PDB), including four broad structure classes, all-α, all-β, α＋β and α/β according to the SCOP classification [11] . The PDB IDs" are as follows: 1UXC, 1MOF, 1EDL, 1R69, 1HQB, 1A32, 1RZL, 1BMP, 1JR8, 256B, 2HMZ, 1DFX, 1DDF, 1H7I, 1VLT, 1AEP, 1BUY, 1ALW, 1AD6, 1JF2, 1FBV, 1DIO, 1MJC, 1NEQ, 1F53, 1TNM, 1WIT, 2ACY, 1AGD, 1TUL, 1TLK, 1BFE, 1NOA, 1CD8, 2RHE, 1A3K, 1ALY, 1BJ7, 1SRA, 1GM6, 1OBP, 1CZS, 1G43, 1WBA, 1CDY, 1EYL, 1AVA, 1EPF, 2DQT, 1CE7, 2AAI, 1HWN, 1TLY, 1BIH, 1BTA, 1AHN, 1AIU, 1PDO, 1EZK, 1BYR, 3RAP, 1E0S, 1NSJ, 1EUN, 1G4T, 1RPX, 1HO4, 7TIM, 3ECA, 1PSD, 1BLI, 3CI2, 1CJ1, 1RIS, 1GD3, 1BM8, 1AYC, 1SHA, 1EW4, 1EKG, 1C9X, 1ACF, 1F7W, 1BD8, 1QSQ, 1CJW, 1EK8, 1EQ6, 3KBP, 1B8A.
This set has been obtained with the following conditions: the three-dimensional structures of these proteins have been solved with ≤ 3.1 Å resolution and the sequence identity among the proteins is less than 20%. The sizes of proteins vary from 50 to 551 residues.
In order to study network parameters change with protein conformation, the SH3 domain (PDB ID 1FYN) was selected as a research object. This 62-residue polypeptide folds into an orthogonal β-sandwich and follows a two-state transition at low ionic strength [12] . The structure of the SH3 domain folding transition state has been extensively characterized by Φ-value analysis and other experiments [13, 14, 15] . Protein engineering experiments provide Φ-value, which summarize the effects of mutations on protein folding kinetics and characterize the rate-limiting step in the folding reaction. Alan R. Davidson et al. provided a new explanation for the "abnormal" Φ-value and highlight the importance of hydrophobic core composition in determining the folding rate of the Fyn SH3 domain [13] . Striking features of this structure are its relatively well-ordered conformation, and its distinct polarization. Substitution of residues at the N-and C-termini of the domain has little effect on the
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Protein contact network and network parameters
In this study, a coarsed-grained complex network model called Protein Contact Network (PCN) is employed to study the statistic characteristics of the 91 proteins and the unfolding process of SH3 domain. Based on setting the Cα atoms as the nodes, and establishing a link between two nodes if the atoms were within a cut-off distance (0.65nm), the PCN was constructed.
In complex network, the degree of any node i is represented by
Here a ij is the element of the adjacency matrix, and the element value a ij equals 1 if an edge connects a node "i" to another node "j" and 0 otherwise. N is the number of nodes. Average degree <k> of a network is defined as
The shortest path length is related to the link number of a pathway between two nodes and it is the least link number of all the pathways between two nodes. The average shortest path length is defined
where L ij is the shortest path length between nodes i and j.
The average clustering coefficient C is the average over all vertices of the fraction of the number of connected pairs of neighbours for each vertex. It is calculated as follows:
where C i is the clustering coefficient for a node i and defined as the fraction of links that exist among its nearest neighbours to the maximum number of possible links among them. It scales the cohesiveness of the neighbours of a certain node from the view of topology.
The betweenness is an important quantity to characterize how influential a vertex is in communications between each pair of vertices. The betweenness B p is defined as the number of pairs (i, j) of vertices such that the shortest path between i and j passes through p, normalized by the total number of pairs.
MD simulation
The native structure of protein SH3 obtained from Protein Data Bank was used in the thermalindued unfolding simulations carried out using the GROMACS 3.3 software package [16] with the GROMOS96 43a1 force field [17] and explicit water model. The SPC water model was used for water molecules [18] . After energy minimization, some water molecules were replaced with same number of chlorine or natrium ions to neutralize the system. With each conformation, position-restrained MD simulations were performed for 100 ps under 498 K and 1 bar at first, and then free MD simulations were carried out for 10ns under same condition. The time step of simulation is taken once every 2 fs.
Results and Discussion
Small-world characteristic of the Protein contact networks
Watts and Strogatz have characterized the small-world network in 1998 [19] . Here, the similar method was used to examine if there is any "small world" property in a protein contact network. When a complex network is compared with a random network with the same size, the complex network is of the "small-world" property if L and C satisfy the next condition C>>C R , L>>L R (4), where C R is the average clustering coefficient and L R is the average shortest path length of the random network. Random networks were first presented by P. Erdos and E. Reyni. They defined random network as N nodes connected with n edges which are chosen randomly from N(N-1)/2 possible edges. For a random network, it has the same number of residues and number of links as those of the PCN. C R and L R can be calculated with the expressions [20] :
, where <k> is the average degree of the random network.
We calculate L and C for each protein. For comparison, we calculate the C R and L R of the corresponding random network with the same size. Fig. 1 The distribution of the degrees is an important property that characterizes the network topology, and it is also a possible indicator of the processes by which the network has evolved to attain the present topology. The networks in which the links between any two nodes are assigned randomly have a
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Poisson degree distribution with most of the nodes having similar degree. Fig.2 shows the degree distribution of protein contact networks of the 91 proteins studied. The shape of the degree distribution is bell-shaped, Poisson-like. It has a pronounced peak at <k> and decays exponentially for large k. Thus the topology of the network is relatively homogeneous, all nodes having approximately the same number of edge. The shape of the degree distribution is Poisson distribution, which is another typical property of small-world networks. The figure clearly shows that the property is the same for proteins irrespective of their structural classifications. The results of them are in agreement with the previous studies [21] .
Figure 2. The degree distribution of amino acid networks of 91 proteins
Changes of the network parameters on SH3 unfolding pathway
The root-mean-square deviation (RMSD) of the main chain atoms of SH3 was computed based on the thermal-induced unfolding MD simulation of SH3, and the RMSD reaches 1.26 nm at 10 ns, indicating that the protein unfolded structures can be regarded as the unfolding state. Based on the SH3 simulations, the PCN can be constructed, and we computed the average clustering coefficients C and the average shortest path lengths L on the unfolding pathway, shows in Fig. 3 . The average clustering coefficient C is the average over all vertices of the fraction of the number of connected pairs of neighbors for each vertex. The average shortest path length L is the path length between two nodes averaged over all pairs of nodes. Fig.3 shows that the average clustering coefficients of the protein contact networks on the unfolding pathway are very similar, i.e. approximately between 0.4 and 0.6. The average clustering coefficient is less sensitive to the structural change. The possible reason is that when the protein unfolds, most of the secondary structures lose and the RMSD reaches1.26 nm, but the protein still keeps a global random coil state and there are still many nonbonding interactions in the protein. In addition, with the decrease of the node degree, the clustering coefficient will rise. When the node degree is 2, the clustering coefficient will vibrate between 0 and 1 and the value will be 0 when the node degree becomes 1 [22] . The average shortest path lengths of the protein contact networks on the protein unfolding pathway become longer as the structure becomes looser. The cantacts of the PCN can be naturally divided into two types: long-range and short-range interactions. The definition of short-and long-range interactions in a protein is based on both points. (i) the amino acid residues, which are in contact with each other in the native structure, and (ii) their respective locations in the sequence [23] . In this study, we considered the interactions (links) between residues that are separated by no more than six residues in the primary structure as short-range interactions and more than six residues as long-range interactions. Accordingly, the links in the protein contact network can be classified into three types: all links, short-range links and long-range links. Fig.4 shows the changes of the three types links along unfolding pathway. As expected, all links between residues decrease on the protein unfolding pathway.However, the short-range links as unfolding proceeds increased slowly, appoximately between 100 and 120. From Fig.4 , it can be seen that the unfolding of the protein is maily exhibited as the decrease of the long-range links. In the network of native state (0 ns), the proportions of long-range and short -range to all links are 57% and 43%, respectively. But in that of unfolded state (10 ns), the corresponding proportions are 77% and 23%, respectively. In the previous study by Wang et al. [20] , it is found that protein unfolding is mainly due to the detroying of the links between the hydrophobic residues. Followed them, we also devided the link between residues into three types: the link between hydrophilic residues (HH), the link between hydrophilic residues (PP), and the link between hydrpphobic residue and hydrophilic one (HP). The changes of link number for three link types from 0 ns to 10 ns are shown in Table 1 . As expected, the decrease of the HH link number occupies a main part (68%) in the total decrease of the whole link number from 0ns to 10 ns, while the PP link numbers have little change. These results shows that hydrophobic residues mainly influence the long-range contacts, and these residues can serve as nucleation centers during the protein folding process and get buried in the interior of the protein. 
Network property of the hydrophobic core and the folding nucleus of SH3
The principal stabilizing element in all globular proteins is the hydrophobic core which is the subset of hydrophobic residues shielded from solvent in the native-state structure of protein. It has been demonstrated that hydrophobic core residues play an important roles in maintaining thermodynamic stability of proteins by numerous mutagenesis studies [24] . The destabilizing effects of hydrophobic core substitutions arise both from loss of hydrophobicity and disruption of the tightly packed arrangement of side chains within the core. The folding nucleus of a protein corresponds to the ordered part of a transition state (TS), i.e., the least stable state of the molecule in the course of folding. Experimental evidence regarding folding nucleus structure shows that proteins similar in threedimensional structure have, as a rule, similar folding nuclei [25] . However there are several exceptions [26, 27] , which indicates that folding pathways are sensitive to some features of the amino acid sequence. Our methods of studying hydrophobic core and folding nucleus are based on consideration of a simplified network of protein unfolding pathways. A more definitive method for obtaining the TS was used by Li et al. [28] who identified the TS by analyzing the RMSD between all pairs of conformations. Through the conformational cluster analysis of the structures on the unfolding trajectory, it is found that the transition state of unfolding of SH3 is located at about 1.5 ns. The protein contact networks of the native state (0ns) and transition state (1.5ns) were constructed, and the corresponding betweenness of the nodes of the PCN are shown in Fig. 5 . The "betweenness" of an amino acid is defined as the number of times that the amino acid is used in the 'minimal shortest paths' from every amino acid to every other amino acid. For more details on betweenness and the algorithm used, see ref. [8] . In Fig. 5 (a) , the betweenness values of the hydrophobic cores Phe7, Ala9, Leu21, Phe23, Phe29, Ile31, Trp40, Ala42, Ile53 and Val58 locate at the local maximum in the network of native state. Therefore, these residues are not only the structure center of native conformation but also the linking center. In Fig. 5 (b) , the betweenness values of the folding nucleus Ile31, Ala42 and Val58 locate at the maximum in the network of transition state. Therefore, these residues are of remarkable functions which are critical for forming the nucleus that encodes the overall native structure.
Comparison of the native state and transition state shows that it is possible to predict the key residues from knowledge of the betweenness values of the latter, but not of the former. The information is partially masked in the native state by the formation of the rest of the network that has both key and non-key interactions. As a consequence, the betweenness analysis of native states can be used to identify the hydrophobic core regions.
For From Figure 6 (a), d core become lower and lower on the unfolding pathway. It shows that the link number which is established between the hydrophobic cores and between the cores and other residues decreases. This indicates that the hydrophobic core becomes derogated from native state to denature state and this leads to the comedown of protein"s function. Figure 6 (b) indicates that d nucleus become lower and lower on the unfolding pathway, too. But d nucleus get the maximum values in the transition states. It shows that more and stronger links are established between the folding nucleus and between the nucleus with other residues when the transition states occur. On the unfolding trajectory, both the hydrophobic core and folding nucleus play key roles and they all become derogated from native state to denature state. Ever since Anfinsen"s experiment in 1973 [29] , many models of protein folding have been developed based on a host of theoretical, simulated or experimental techniques [30, 31, 32] . The chief among these are the hydrophobic collapse model and nucleation-condensation model. In this study, the two classical models of protein folding become reconciled. Nucleation-condensation lies in largely the stabilisation of local structure due to the formation of crucial long-rang contacts.
Conclusions
Protein Contact Network method was proposed to study the statistic characteristics of the 91 proteins and the thermal-induced unfolding trajectory of SH3. Through analysis of the PCN parameters of the 91 proteins, it is found out that the protein contact networks have an obvious "small-world" property irrespective of their structural classifications. Furthermore, the PCN parameters of SH3 domain have been studied with its unfolding. First, it is demonstrated that the shortest path length of the PCN will increase with the protein unfolding, however the average clustering coefficient of the PCN is less sensitive to the change of secondary structure of SH3. Second, The betweenness values of the hydrophobic core at the native state are local maximum and that of folding nucleus at the transition state are global maximum. It is easy to distinguish the folding nucleus from other residues by the betweenness of the transition state network, and it is evident that the hydrophobic core regions can be identified from the betweenness of the native state network. Additionally, it is observed that SH3 unfolding is mainly exhibited as the decrease of the long-range links and increase of the short-range links of the PCN along simulation time. These lead to the derogation of the hydrophobic core and folding nucleus. The two representation protein folding models of hydrophobic collapse and nucleation-condensation become reconciled in this study. 
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